The aim of this study was to determine the optimal treatment for a patient with newly diagnosed prostate cancer weighing the individual's risk of disease progression against his risk of non-cancer death.
INTRODUCTION
The optimal management for men with newly diagnosed, clinicallylocalized prostate cancer (PC) remains in debate. PC is the most common solid malignancy among men in the United States; 1 however, the potentially indolent natural history of the disease, 2 together with the well-documented risk of treatment-related side effects, 3 complicate decision-making for patients and clinicians. Current guidelines recommend that the management of patients with clinically-localized PC should incorporate patients' life expectancy. 4--6 The judicious application of aggressive therapy is particularly important as randomized trial evidence has demonstrated that significant survival benefits are typically not apparent until 8--10 years after treatment. 7 Nevertheless, conflicting data have been reported as to whether patient comorbidity status is being integrated into treatment decisions for patients with PC. 8, 9 Moreover, although multiple indices have been applied to assess comorbidity status for patients with PC, 10 predictive models for determining life expectancy in these patients remain sparse, 11 and the existing ones have been subject to methodological criticisms regarding patient and outcome selection. In addition, currently available tools are further limited by the fact that to date the primary outcome measure with which comorbidity status has been correlated has been overall survival. 12, 13 Ideally, that is, a predictive model would comparatively evaluate and report an individual patient's risk of PC-specific mortality (PCSM) versus his risk of death from other causes, incorporating disease factors with comorbidity status. Here, then, we evaluated PCSM and competing risks of death in men with clinically-localized PC from the Cancer of the Prostate Strategic Urologic Research Endeavor (CaPSURE) database. Analyzing clinicopathological tumor features as well as patient comorbidity status and primary treatment modality, we built a comprehensive integrated nomogram to provide clinicians with a quantitative tool to individualize a patient's probability of dying from PC at the time of diagnosis, and to compare this probability with the patient's risk of dying from competing causes.
MATERIALS AND METHODS

Patient cohort
CaPSURE is a national disease registry of over 13 000 enrollees with biopsyproven PC who have been recruited from 40 primarily community-based practices across the United States. CaPSURE's methodology has been detailed previously.
14 As of 2010, CaPSURE includes demographic, clinical, treatment, and follow-up outcome data on 13 893 patients. From these, we identified 6091 men with clinically-localized PC who underwent radical prostatectomy (RP) (n ¼ 4117) or radiation therapy (RT) (n ¼ 1974) As has been detailed for the CaPSURE registry, 15 patients are followed until their death or withdrawal from the study. Mortality is reported by participating clinicians and confirmed by obtaining a copy of the state death certificate. In general, a death is considered to be PCSM if PC was listed as a primary, secondary, or tertiary cause of death and no other malignancy was listed as a higher-order cause. If the patient has been lost to follow-up or a state death certificate is not available, the National Death Index is queried to identify date and cause of death. Comorbidity status is recorded in CaPSURE as conditions in the following 17 categories: arthritis, hypertension, heart disease, stroke, diabetes, lung disease, cancer, kidney, blood disease, stomach, urinary, eyes, ears/nose/throat, liver, infection, mental, and endocrine. 16 The optimal comorbidity index for use in PC patients remains unclear, with various indices demonstrating similar performance in predicting survival. 10 We evaluated comorbidity count, 10 specifically including the diagnoses of hypertension, heart disease, stroke, diabetes, lung disease, cancer, and kidney disease. These diagnoses were chosen among those available within CaPSURE as the most likely to represent what has been defined as a significant comorbidity; 17 that is, a condition that could increase the risk of dying from one of the two leading causes of death in the United States for men aged between 55 and 74 years (cardiovascular disease and cancer). 18 Statistical analysis and nomogram development Cumulative incidence curves were generated to describe PCSM and non-PC death, stratified by comorbidity status. We used Fine and Gray competing-risks proportional hazards regressions, which controlled for clinicopathological variables and select comorbid conditions, to predict 10-year probabilities of PCSM and non-PC death. 19 In developing our nomogram, model coefficients were used to assign points to characteristics and predictions from the model. Cumulative point totals were mapped to calculate 10-year risk of PCSM and non-PC causes. Prognostic variables included age, race, comorbidity status, primary treatment modality (RP versus RT), receipt of androgen deprivation therapy (ADT) within 9 months before through 6 months after primary treatment, and PC risk classification as stratified by the 9-point version of the Cancer of the Prostate Risk Assessment (CAPRA) score, which includes the variables of patient age, PSA at diagnosis, biopsy Gleason score, and clinical tumor stage. 20 Complete clinicopathological data were available for all but 306 (5%) patients in the cohort. In this cohort, data for Gleason sum, but not primary Gleason grade were available; as such, we imputed the primary Gleason grade in this group from the distribution of Gleason grade among the other 95% of the study population.
We determined the shape of effects for each characteristic on the risk of PCSM and non-PC death by using splines and graphing results against the natural categories of each to be sure the linearity inherent in the nomogram is valid. As such, we did not use splines in the models themselves. Instead, we used splines in our assessment of our model assumptions. Indeed, all predictors were unimodal and very nearly linear in effects across distributions. We then measured the performance of our model by using 100 bootstrap resamplings to estimate the relative efficiency of each explanatory variable in our final model as a measure of optimism, and assessed calibration by graphing observed cumulative hazards against average predicted hazards at 10 years per decile of predicted hazards for either PCSM or non-PC death. Model fit was further assessed using the log-pseudo-likelihood statistic, with the model presented demonstrating the highest log-pseudolikelihood.
All statistical analyses were performed using the R statistical package (the R foundation for Statistical Computing, version 2.11).
RESULTS
Patient demographics
Median patient age at diagnosis was 65 years (interquartile range 59, 79). Men were noted to have a median of one comorbidity (interquartile range 0, 2) at diagnosis. Clinicopathological variables of the study cohort are summarized in Table 1 . As can be seen, patients treated with RT were older, with a greater number of comorbidities and significantly more adverse pathological tumor features than patients undergoing RP. Patients treated with RT were also more likely to receive ADT than patients treated with RP. The higher-risk clinicopathological demographics of patients treated with RT are further evident by the fact that the mean CAPRA score in RT patients was 2.9 (95% confidence interval: 2.8, 3.0) versus 2.3 (95% confidence interval: 2.3, 2.4) for men treated with RP (Po0.01) ( Table 2 ).
Fine and Gray competing-risks proportional hazards regression analysis Median follow-up for survivors after treatment was 53 months (interquartile range 30, 80 months). In total, 983 men died during follow-up, including 167 who died of PC and 816 who died of non-PC causes. The cumulative incidence of death from PC, as well as non-PC mortality, stratified by comorbidity count, are depicted in Figure 1 . As can be seen, significant separation in the survival curves according to the number of patient comorbidities was achieved for non-PC death (Gray Po0.01), but not for PCSM (Gray P ¼ 0.44). Moreover, when variables associated with PCSM and non-PC death were evaluated using the Fine and Gray proportional hazards regression model (Table 3) , the number of comorbidities significantly correlated with the risk of non-PC death (hazard ratio (HR) 1.23; Po0.001), but not PCSM (P ¼ 0.69).
In addition, higher CAPRA score (HR 1.27; Po0.001) and initial treatment with RT versus RP (HR 1.43; P ¼ 0.07) were associated with an increased risk of PCSM. Meanwhile, older patient age (HR 1.06; Po0.001), African-American race (HR 1.34; P ¼ 0.03), and primary treatment with RT (HR 1.26; P ¼ 0.006) were significantly associated with patients' risk of non-PC death. Importantly, an increasing number of comorbidities was highly associated with the risk of non-PC death (HR 1.23; Po0.001), but did not predict PCSM (P ¼ 0.69). Receipt of ADT likewise significantly correlated with an increased risk of non-PC death (HR 1.22; P ¼ 0.02), but not PCSM (P ¼ 0.16).
Nomogram
We then utilized the Fine and Gray competing-risks proportional hazards regression model to construct a nomogram integrating the aforementioned variables for the prediction of patients' 10-year probability of PCSM and non-PC death (Figure 2 ). The nomogram can be used to individualize quantification of a patients' relative risk of dying from PC versus dying from other causes, incorporating features of the cancer, patient comorbidity status, and primary treatment modality. The model is noted to be well-calibrated, with the points close to the 451 line.
DISCUSSION
We developed a prognostic tool in the form of a comprehensive nomogram, incorporating clinicopathological tumor variables as well as patient comorbidity status and treatment selection, to facilitate individualized prediction of a patient's 10-year risk of PCSM as well as non-PC death. The model was constructed from a large, prospectively maintained database of patients with PC, and utilized competing-risks analysis to simultaneously assess the probability of dying from PC versus other causes. Excellent internal calibration was noted. Pending external validation, the resulting graphical nomogram may thus represent a practical clinical tool for patient counseling as well as risk stratification in the clinical trial setting.
Appropriate assessment of an individual patient's relative risk of PCSM versus non-PC death is critical for counseling men with newly-diagnosed PC regarding management. Most current predictive models for PC utilize clinicopathological features to calculate patient's risk of PCSM. 11 For PC, however, in which the time course of the disease may be prolonged, incorporating disease features with patient variables is highly desirable. In fact, current guidelines instruct that patients with localized PC only be treated if their life expectancy justifies treatment, with a 10-year anticipated lifespan representing the generally recommended benchmark. 4--6,21 Although several groups have developed predictive models for estimating life expectancy in patients with localized prostatic malignancy, 12, 13, 22 knowing a patient's life expectancy is not enough to then make complex 'trade-off' decisions regarding treatment. Instead, physicians must be able to assess quantitatively not only a patient's longevity, but also PC-specific risks to contextualize treatment benefits to patients. A void of such robust predictive tools for patients with PC has been acknowledged. 21 Although competing-risk methodology has been utilized previously in developing predictive models for patients with localized PC, 23, 24 these tools have been developed from analyses of the Surveillance, Epidemiology, and End Results-Medicarelinked program, and as such are subject to the limitations of that data set. In particular, the Surveillance, Epidemiology, and End Results-Medicare cohort, which comprised of patients 66 years of age and older, until recently lacked data regarding PSA, and provided only coarse details on grade. As Gleason grade and PSA have been demonstrated to be critical variables in predicting PCSM, 25 exclusion of these features represents a critical limitation of the resulting models, and the restricted age-range introduces 1027 (17) 681 (17) 346 (18) 4+3 460 (8) 276 (7) 184 (9) 8--10 439 (7) 245 (6) 194 (10 concerns regarding the generalizability of the models to younger PC patients. Our model was based on a long-standing, prospective disease registry and included over 6000 patients, with a follow-up of over 380 000 person-months, in whom clinicopathological features were available for analysis. This model also incorporated patient comorbidity status in the determination of differential risk for PCSM and non-PC death. The CaPSURE data set has been demonstrated to contain high fidelity data regarding patient comorbidity status, 16 and there is precedent for using the Diagnosis Count metric, as was carried out here, to predict risks of mortality. 10, 26, 27 Importantly, the optimal index for quantifying comorbidities in PC patients continues to be investigated. 10 In fact, when examined in a random sample of men from a large cancer registry, four different comorbidity indices were found to perform similarly in predicting overall survival. 10 Among the measures found to be equivalent were Diagnosis Count and the frequently-referenced Charlson Comorbidity Index. Recently, Daskivich et al, 28 in a cohort of 1482 men, noted that Charlson Comorbidity Index effectively stratified patients' risk of PCSM and non-PC death. However, patients from this study were drawn exclusively from two Veterans Affairs medical centers in the Los Angeles area, and, as the authors acknowledged, 28 the applicability of their findings to the general population may be limited.
Of note, our model also included primary treatment modality as a variable. Consistent with prior results, 29, 30 we demonstrated an adverse association of RT relative to RP with mortality. Nevertheless, these studies, as well as the current one, used retrospective, non-randomized patient data, and therefore the potential impact of patient selection bias and unmeasured confounding factors on the results must be considered. As such, the superiority of one treatment over another cannot be established from such analyses. In fact, the noted increase in non-PC death associated with RT may in particular be confounded by an inability of our model to control completely for the increased age and number of comorbidities among patients receiving RT, as well as the greater use of ADT among RT patients. Receipt of ADT was included, given the potential impact of ADT on non-cancer mortality, suggested by a prior study that found an association between ADT use and an increased risk of cardiac death, particularly in men with coronary artery disease. 31 Indeed, we found that receipt of ADT was associated with a 22% increase in the risk of non-PC death, but did not impact patients' risk of PCSM. On the other hand, a recent study from CaPSURE, which matched patients on propensity to receive ADT, did not show an association between ADT and cardiovascular mortality, suggesting that potential unmeasured variables affecting treatment selection may confound the relationship between ADT use and cardiovascular risk. 32 Thus, continued investigation, ideally in the prospective setting, is required to further elucidate the association between ADT and non-PC death.
In addition, consistent with previous reports, 30 we noted that African-American race was associated with a significantly increased risk of non-PC death. Interestingly, we found that AfricanAmerican race was associated with a decreased risk of PCSM in our data set as well. Studies to date have reported conflicting findings with regard to the association of race with outcome following treatment for clinically-localized PC. Whether the current findings reflect the competing-risks methodology utilized here, whereby controlling for the increased risk of non-PC death in African Americans resulted in the noted decreased association with PCSM, or are due to other confounding factors will require additional study, particularly as African Americans made up only a minority (7%) of our study population. We recognize that our study is limited by the fact that our model was generated from post-treatment survival outcomes of men who underwent RP or RT. We thus acknowledge the potential for patient selection bias here, as patients managed with active surveillance/watchful waiting, primary ADT, or focal therapy were not included. Nevertheless, we believe with appropriate caution that the model can be used not only in patients contemplating treatment, but also for those considering active surveillance, as benefits of PC treatment are largely undetectable in the first 10 years following diagnosis. 7 Furthermore, the fact that the CaPSURE registry includes patients treated over several decades must likewise be acknowledged. Practice patterns within CaPSURE have been found to have evolved over time. 33 For example, for low-risk patients, use of brachytherapy and primary ADT was noted to have risen through the 1990s at the expense of RP and watchful waiting, with a reversal of these trends in the current decade. 33 On the other hand, for high-risk patients, use of primary ADT was found to have been rising, apparently at the expense of externalbeam RT. 33 We recognize as well that additional follow-up will provide more events for analysis, particularly as the time to PCSM is frequently prolonged. Moreover, we acknowledge that ascertainment of cancer-specific mortality from a review of death certificates is limited by the quality of information on the certificates. In addition, despite robust internal calibration, our model was not subject to external validation. Indeed, as CaPSURE practice sites were not chosen at random and do not represent a statistically valid sample of the population, additional studies in large data sets with long-term follow-up will be required to test the model's applicability to other patients cohorts.
CONCLUSIONS
We present a competing-risks model for patients with localized PC, accounting for comorbidities as well as clinicopathological variables, built on a large cohort of patients from the CaPSURE data set. The model affords assessment and comparison of the 10-year risks of PCSM and non-PC death in men treated with RP or RT. As such, our model and accompanying nomogram afford a clinical tool to facilitate an individualized approach to counseling patients regarding PC treatment.
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